The KIR2DS3 gene is an activating homologue of the inhibitory killer-cell immunoglobulin-like receptors (KIR) that recognize HLA-C molecules, enabling NK cells to survey the normal function of endogenous antigen presentation. The genetics of KIR2DS3 is complicated by the existence of alleles with similar coding sequences that map to different regions of the KIR complex in chromosome 19, or whose location in this complex is unknown. Here, by studying the family segregation of the KIR alleles 2DS3*001, *002 and *003N, and the distribution of these in unrelated individuals, we demonstrate the existence of two paralogous KIR2DS3 genes that can be inherited separately or, as it happens frequently in Caucasoids due to linkage disequilibrium, together. Each KIR2DS3 gene is almost invariably associated in its 5 0 end to a different copy of KIR2DL5, a gene previously shown to be duplicated in humans. KIR2DL5 and KIR2DS3 thus form two highly homologous gene clusters situated in the centromeric and the telomeric intervals of KIR haplotypes. Recombination between those clusters is the likely origin of new haplotypes, characterized in this study, which harbour further duplications or deletions of multiple KIR genes. Our results help understand the genetics of KIR2DS3 and the diversity of human KIR genotypes.
Introduction
The human killer-cell immunoglobulin (Ig)-like receptor (KIR) genes are organized in a complex of B150-200 kb in chromosome 19. 1,2 This is an extremely variable and rapidly evolving region of the mammals genome that encodes a family of receptors expressed on the surface of NK-and T-lymphocyte subpopulations. [3] [4] [5] [6] Some KIR inhibit lymphocyte function upon recognition of HLA class I molecules on potential target cells. By means of these KIR, NK cells survey the normal function of the endogenous antigen presentation pathway, and eliminate infected and tumour cells in which HLA expression is subverted. 7 The KIR complex also codes for activating receptors of unclear physiological role, some of which are structurally homologous to certain inhibitory KIR. 8 Several of those activating KIR are recognized by the same monoclonal antibodies as their inhibitory counterparts, and appear to interact with the identical ligands, albeit with much lower affinity. 9, 10 In contrast, other activating KIR, which have no inhibitory homologues, 11 are detected by none of the available monoclonal antibodies, and their structures, ligands and functions remain unknown or only hypothetical.
KIR genes vary greatly between different individuals, which is explained by two causes. First, KIR genes have evolved rapidly by mutation and recombination to generate multiple alleles at every locus. 12, 13 Second and even more conspicuous, the KIR-gene content of different genomes is variable. 1, 2, 14 Only the genes that mark the ends (KIR3DL3 and KIR3DL2) and the middle (KIR3DP1 and KIR2DL4) of the KIR complex are shared by the vast majority of individuals, and they define two variably arranged regions or intervals: one centromeric (the genes between KIR3DL3 and KIR3DP1) and one telomeric (between KIR2DL4 and KIR3DL2). All other KIR genes appear at different and varying frequencies in each population (reference Middleton et al. 15 and www.allelefrequencies.net). The different combinations of KIR genes inherited together in a given order are called haplotypes, some of which are more frequent than others. 16 A common combination of nine genes (from centromer to telomer, KIR3DL3, 2DL3, 2DP1, 2DL1, 3DP1, 2DL4, 3DL1, 2DS4 and 3DL2) is often referred to as the 'A' haplotype. In addition, a variety of 'B' haplotypes is formed by the combination of another eight KIR genes (2DL2, 2DL5A and B, 2DS1, 2DS2, 2DS3, 2DS5 and 3DS1) among them, and also with the previous ones (for example, KIR2DS4 and 3DL1 are present in B50% of B haplotypes 16 ). The KIR2DS3 gene (KIR with two Ig-like domains and a short cytoplasmic tail, number 3) is most similar to the genes encoding activating KIR specific for HLA-C. 11 However, the KIR2DS3 product and its function are yet to be defined due to a lack of specific reagents. Seven KIR2DS3 sequences are currently recognized by the Immuno Polymorphism Database (IPD-KIR). 17 Four of those sequences differ from each other by only synonymous base changes: 2DS3*00101, 11 *00102 (EMBL/GenBank/DDBJ X97231, R Biassoni), 2DS3*00103 18 and *00104 (EMBL/GenBank/DDBJ EU277007, C Hurley), to which we will refer collectively as KIR2DS3*001. Another sequence, designated KIR2DS3*002, differs from *001 by a base change that induces the substitution of asparagine for aspartate in the putative KIR2DS3 cytoplasmic region. 19 Two additional KIR2DS3 alleles were assigned recently: KIR2DS3*003N is identical to *002 except for a nucleotide change in exon 5 that creates a premature termination codon, 20 while KIR2DS3*004 is closest to *001, from which it differs by base substitutions in exons 5 and 8.
The precise positions of KIR2DS3 alleles in KIR haplotypes have not been fully elucidated. Whereas the locations of the newer alleles KIR2DS3*003N and *004 are unknown, each of KIR2DS3*001 and *002 appears to map to a different place of the KIR complex. KIR2DS3*00103 is in the centromeric region of KIR haplotypes, forming part of the gene cluster 2DS2-2DL2-2DL5B*002-2DS3-2DP1-2DL1 (EMBL/GenBank/DDBJ AY320039, unpublished KIR haplotype of cell line WT47, by C Gassner et al.). In contrast, KIR2DS3*002 was recently reported in Japanese individuals to be located in the telomeric region, between the KIR3DS1-KIR2DL5A*005 cluster and KIR2DS1. 19 Of note, KIR2DS3*001 and *002 map immediately 3 0 of a different copy of the duplicated gene KIR2DL5
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-the centromeric KIR2DL5B*002 in the case of KIR2DS3*001, and the telomeric KIR2DL5A*005 in KIR2DS3*002. These different locations open the possibility that KIR2DS3*001 and *002, such as KIR2DL5A and B, are inherited as two different genes co-existing in the same haplotype, but this possibility has never been specifically explored. Here, we will study the inheritance of KIR2DS3*001 and *002 to clarify their genetic relationship, and will investigate the diversity of haplotypes containing a KIR2DS3 gene.
Results
Two KIR2DS3 genes in the same haplotype: KIR2DS3*001 and *002 To investigate the existence of KIR haplotypes carrying two different copies of KIR2DS3, we analysed the segregation of KIR2DS3*001 and *002 in families of Spanish and Northern Irish Caucasoid origin. To simplify the analysis of inheritance, we selected families in which one parent had both KIR2DS3*001 and *002, and the other carried neither. Five such families were identified and, in all of them, part of the offspring inherited both KIR2DS3*001 and *002 (Figure 1 ), which KIR2DL5 and KIR2DS3 alleles are highlighted in boldface. Spaces were inserted for aligning identical or homologous genes.
Genetics of the orphan gene KIR2DS3 D Ordóñez et al
demonstrated that the two KIR2DS3 variants were not true alleles, but two paralogous genes located in the same haplotype. In two of these families, other siblings were negative for KIR2DS3 (H241 and H260, Figure 1 ), supporting further the proposed model of inheritance. In another two (H274 and 10/01, Figure 1 ), some children had inherited haplotypes with both KIR2DS3 variants, whereas the others had received haplotypes carrying KIR2DS3*001 alone, revealing that one parent was homozygous for KIR2DS3*001 but hemizygous for KIR2DS3*002. Of note, the haplotypes that carried both KIR2DS3*001 and *002 also contained the identical combination of 14 KIR genes in all five families ( Figure 1 ). 
0001).
Of note, the 13 individuals who carried both KIR2DS3*001 and *002 also had KIR genotypes that always included all 14 genes previously shown to make up haplotypes with two KIR2DS3 loci ( Figure 1 ). Furthermore, with a single exception that is analysed subsequently in detail, each of the two KIR2DS3 variants was found in the previous sample of Spanish Caucasoids in bi-directional and complete association with one allele of each of the two KIR2DL5 genes: 2DL5B*002 with 2DS3*001, and 2DL5A*005 with 2DS3*002. These associations are in agreement with the previously reported locations of KIR2DS3*001 and *002, that is next to the centromeric and the telomeric KIR2DL5 loci.
KIR2DS3*002 and KIR2DS5 map to the same location in the telomeric part of the KIR gene complex and they associate with the identical group of genes (KIR3DS1, 2DL5A and 2DS1), albeit with different KIR2DL5A alleles (2DL5A*005 and *001, respectively). We therefore investigated whether KIR2DS5, present in 41 individuals, was, such as KIR2DS3*002, in LD with KIR2DS3*001. On the contrary, we found KIR2DS3*001 and KIR2DS5 together in only five donors (haplotype frequency ¼ 0.019), implying that these genes are in weakly negative LD (LD ¼ À0.002; relative LD ¼ 0.085; Po0.05).
The novel KIR2DS3*003N is inherited as an allele of KIR2DS3*002 After completion of our study on KIR2DS3*001 and *002, two new KIR2DS3 sequences were officially recognized by the IPD-KIR Database. KIR2DS3*003N, identified in three Caucasoid individuals, differs from KIR2DS3*002 by one base substitution that produces a premature stop codon in exon 5 (Ig-like domain 2).
20 KIR2DS3*004, isolated by Dr Carolyn K Hurley from an African American cell, differs from KIR2DS3*001 by one base substitution in each of exons 5 and 8 (http://www. ebi.ac.uk/ipd/kir/align.html, unpublished). We screened all of our KIR2DS3 samples for the new alleles and found neither KIR2DS3*004 nor another novel partial KIR2DS3 sequence, still unrecognized in the IPD-KIR Database, identified by Luo et al. 20 in one Caucasoid. In contrast, one Spanish individual, originally typed as KIR2DS3*002, had the new KIR2DS3*003N allele (0.77; 3.33% of KIR2DS3 positives). Study of segregation in her offspring demonstrated that KIR2DS3*003N was inherited together with KIR2DS3*001. Furthermore, the new allele appeared to substitute for KIR2DS3*002 in the aforementioned 14-gene haplotype that contains two KIR2DS3 genes (Supplementary online information).
Unusual association of KIR2DL5B*002 and KIR2DS3*002 due to deletion of the intervening genes One of the 130 Spanish Caucasoids presented an exception to the associations of KIR2DL5B*002 with 2DS3*001, and of 2DL5A*005 with 2DS3*002, as she had 2DL5B*002 in apparent association with 2DS3*002 ( Figure 2, sibling 1) . Analysis of KIR genes in her progenitors and four siblings (family C43) confirmed that KIR2DL5B*002 and 2DS3*002 segregated together within an unusual haplotype, which had KIR2DS2, 2DL2 and 2DS1, but lacked other genes frequently linked to these, including KIR2DP1, 2DL1, 3DS1 and 2DL5A. Furthermore, allelic typing of the family members showed that all of KIR3DL1, 2DS4 and the framework KIR genes 3DP1 and 2DL4 were also absent from that haplotype. In summary, the results of PCR studies confirmed with both sequence-specific primers (SSP) and sequence-specific oligonucleotide probes (SSOP) that the donor had inherited a chromosome that carried the 5 0 -and 3 0 -most genes of a typical B haplotype, but lacked seven genes that usually lie in their midst- (Figure 2) . Furthermore, we corroborated that KIR2DL5B*002 was followed by KIR2DS3*002 after long-range PCR across their intergenic regions ('KIR gene walking'). In other words, the unusual association of KIR2DL5B*002 with KIR2DS3*002 in this family reflects deletion of all the genes that normally separate them in the aforementioned 14-gene haplotype containing two KIR2DL5 and two KIR2DS3 loci.
Unexpected association of KIR2DL5A*005 and KIR2DS3*001 in the boundary of a six-gene tandem duplication We observed another exception to the usual associations of KIR2DL5 and KIR2DS3 alleles in an Irish Caucasoid family (12/04) in which two KIR2DL5A alleles (2DL5A*001 and *005) had been observed previously to segregate together in the same haplotype. 16 In that haplotype, KIR2DL5A*005 appeared to be accompanied by KIR2DS3*001, instead of KIR2DS3*002. Relative mapping by the KIR gene walking technique showed that the 3 0 end of KIR2DL5A*005 was indeed followed, successively, by KIR2DS3*001 and KIR2DP1, two genes normally lying in the centromeric interval of KIR haplotypes. Using a similar approach, we demonstrated that the haplotype of interest contained both KIR2-DL5A*001 and *005, as well as two copies of the KIR2DL4-KIR3DS1 gene group, one preceding each of the KIR2DL5A genes; and that the usual arrangement KIR2DL5A*001-KIR2DS5-KIR2DS1 was preserved ( Figure 3) . Furthermore, allelic typing by PCR-SSOP showed that two different KIR2DL1 alleles (2DL1*003 and *004) were inherited together in this haplotype, evidencing a duplication of KIR2DL1. Figure 3 depicts the inheritance of KIR genes in this family and the most likely arrangement of the unusual haplotype. Six KIR genes (2DP1, 2DL1, 3DP1, 2DL4, 3DS1 and 2DL5A) are duplicated in tandem. KIR2DS3*001, one of the genes normally preceding such cluster, separates the two repeats, thus constituting, with the KIR2DL5A*005 allele of the centromeric repeat, the unusual association that characterizes the haplotype. A seemingly identical duplication was observed in a KIR haplotype of another Northern Irish family, 30/00, having no demonstrable relationship with the previous one (data not shown). Of note, the extra genes found in the eighteen-gene haplotype characterized herein match exactly the seven deleted genes in the seven-gene haplotype analysed in the previous section (Figures 2 and 3 ).
Discussion
The gene KIR2DS3 is represented by at least two common variants, 2DS3*001 and *002, in the few populations in which its polymorphism has been studied. 19, 20 Here, by showing that 2DS3*001 and *002 frequently co-exist in the same chromosome, we have demonstrated that these variants are in fact two different KIR2DS3 genes that can be inherited separately or, nearly as frequently, together. This result is consistent with previous studies that mapped KIR2DS3 to either or both the centromeric and the telomeric intervals of the KIR complex, 19, 22, 23 where KIR2DS3 is part of the characteristic gene arrangements of the 'B'-type haplotypes of Caucasoids (Figure 4 ). Both KIR2DS3 paralogues are invariably preceded by KIR2DL5, indicating that the two genes possibly duplicated in tandem in a single genetic event. Given the strong LD between KIR2DS3*001 and *002, and the frequent integration of both in a characteristic 14-gene haplotype (Figure 1 ), the duplication of KIR2DS3 is likely recent, although natural selection might have contributed to maintain those genes together.
As we have also shown here, the recently reported sequence KIR2DS3*003N is inherited with the same group of genes as KIR2DS3*002 (Figure 4) , from which it differs by only a premature termination codon. 20 Thus, despite a lack of physical mapping data, KIR2DS3*003N behaves as an allele of the telomeric KIR2DS3 locus. Furthermore, 2DS5*002, the predominant KIR2DS5 allele in most ethnic groups, 15 maps to an identical position as KIR2DS3*002.
1 Therefore, although KIR2DS3*002 and *003N on one hand, and KIR2DS5*002 on the other, are currently assigned to different KIR genes due to distinctive sequence motifs, all three sequences can be considered alleles of a single KIR2DS3/2DS5 locus, situated between KIR2DL5A and KIR2DS1 in the telomeric interval of multiple KIR haplotypes of the 'B'-type. According to this model, haplotypes carrying both KIR2DS3 and KIR2DS5 in Caucasoids should always have KIR2DS3*001, and never 2DS3*002 or *003N, unless they contain unusual gene arrangements like those described here (Figure 3 ). This prediction is met by all the KIR haplotypes of Spanish Caucasoids we have studied (not shown).
The genetic relationship between KIR2DS5 and the telomeric KIR2DS3 alleles is further supported by their sequence identity in exons seven through nine, including the 3 0 -untranslated region (our own unpublished observation). In contrast, exons one through six of KIR2DS3*002 and *003N diverge by 25-26 nucleotides Genetics of the orphan gene KIR2DS3 D Ordóñez et al from those of KIR2DS5*002 and match exactly, or nearly so, the corresponding regions of the centromeric KIR2DS3*001; which, in turn, differs from the telomeric KIR2DS3/2DS5 alleles in its 3 0 end (exon 7 and the 3 0 -untranslated region). This pattern of sequence homologies suggests that duplication, gene conversion and point mutation all contributed to the diversity of these KIR. The facts that KIR2DS3*001 is frequently seen in haplotypes both with and without KIR2DS3*002, while the latter gene is less commonly found in the absence of KIR2DS3*001, suggest a more recent origin for KIR2DS3*002, which might derive from recombination of KIR2DS3*001 with KIR2DS5.
Further supporting the recent duplication of KIR2DS3 and KIR2DL5, their centromeric and telomeric paralogues have very similar coding regions-KIR 2DL5B*002 and 2DS3*001 differ by one nucleotide substitution from 2DL5A*005 and 2DS3*002, respectively. 19, 24 Moreover, the intergenic region is indistinguishable in the two KIR2DL5-KIR2DS3 clusters (our own unpublished observation), which therefore constitute two continuous segments of nearly identical sequence, each spanning more than 20 kb. These regions are possibly prone to chromatid misalignment during meiosis, and to further asymmetrical recombination between the centromeric and the telomeric regions of the KIR gene complex. This is likely the origin of two unusual KIR haplotypes also characterized here (Figures 2 and 3) , which are distinguished by the deletion and the duplication of all the genes that lie in the middle of the two KIR2DL5-KIR2DS3 clusters. Both haplotypes, identified in Caucasoid families of Spanish and Northern Irish origin, could therefore derive from the same unequal crossingover event, as depicted in Figure 5 . Of note, human KIR2DL5 was previously known to be encoded by two genes, KIR2DL5A and B;
21 the duplication of the KIR2DL5A locus described herein opens the possibility that haplotypes with three copies of KIR2DL5 might have been formed by symmetric recombination of the new haplotype with ones containing a KIR2DL5B gene in the centromeric interval. To our knowledge, such haplotypes with three KIR2DL5 genes have never been reported.
However, little work has been performed on haplotypes and, in haplotypes that have been reported, there is always the possibility of two copies of KIR2DL5A gene being present with the same allele, accompanied by the KIR2DL5B gene and thus not being detected by regular genotyping methods.
The functional implications of the KIR2DS3 sequence diversity are unknown. Several of the changes that distinguish KIR2DS3 alleles are synonymous or lie in untranslated regions. Furthermore, the receptors encoded by KIR2DS3*001 and *002 are predicted to have identical extracellular domains and, therefore, to recognize the same ligands, while they should differ in their cytoplasmic tails (aspartate vs asparagine in amino-acid residue 250, respectively). Development of specific antibodies should help elucidate the functional relevance of the KIR2DS3 polymorphism and other unknown aspects of its biology.
Materials and methods

Genotyping
The distribution of KIR2DS3 alleles was studied in 130 DNA samples isolated from unrelated Spanish Caucasoid voluntary donors, and in nine families selected on the basis of their KIR genotypes, assigned in previous studies. Families 11/99, 10/01, 12/04 and 30/00 were of Northern Irish origin, and families H241, H260, H274, C43 and C50 were Spanish Caucasoids. Presence or absence of every KIR gene in the genome was assessed by PCR-SSP or PCR-SSOP. 25, 26 Allelic typing of KIR2DL1, 2DL2, 2DL3, 2DL4, 2DL5, 3DL1, 3DS1 and 3DP1 was performed by PCR-SSOP or PCR-SSP ( 20 were detected using the PCR primers Fa796 þ Ra925 (agcgt gaccttgtcctga and gcatctgtaggttcctcct) and Fc551 þ Rt682 (agagaggggacgtttaacc and ggtcactgggagctgaa), respectively, in the PCR conditions described elsewhere. 25 To discriminate KIR2DS3*001 from the novel allele KIR2DS3*004, we used a PCR-restriction fragment length polymorphism technique. PCR products generated with the primers Fg1160 and Rg1238 in the above conditions were treated with the restriction endonuclease PstI (Pharmacia, Uppsala, Sweden), which has a cleavage site in exon 8 of KIR2DS3*004, but not *001 (ctgcag vs ctgcgg at nucleotides 845-850 of the coding sequence, not shown). As positive controls, we used amplicons produced with the PCR primers Fg1160 and Rcon1238 (gacacctcctgatggtct) from the homologous regions of KIR2DS1 and KIR2DS4, genes which share with KIR2DS3*004 the PstI-cleavage site in exon 8. 33 Statistical significance of LD was estimated using the w 2 -test.
KIR gene walking
The KIR gene content and order in a haplotype of family 12/04, bearing a KIR2DL5A duplication, was investigated in the DNA sample MIS6448 (parent 1 in Figure 3 ), using a KIR gene walking protocol similar to those we have reported previously. 24, 34 In summary, the intergenic region of interest, along with the preceding and consecutive exons of the flanking KIR genes, was amplified by combining one gene-specific and one KIRgeneric primers in a long-range PCR in the following cycling conditions: 95 1C 2 min, 10 cycles of 10 s at 95 1C, 10-20 min at 72 1C and 20 cycles of 10 s at 95 1C, 10-20 min at 68-70 1C. The same technique was used in cell C43 (sibling 1 in Figure 2 ) to demonstrate the juxtaposition of KIR2DL5B*002 and KIR2DS3*002. The precise PCR profiles and primer combinations used in every reaction are available upon request. Gene order was determined by analysing the nucleotide sequence of the PCR products as described above.
Abbreviations
KIR, killer-cell Ig-like receptor; LD, linkage disequilibrium; SSOP, sequence-specific oligonucleotide probe; SSP, sequence-specific primer. Figure 5 Recombination between the centromeric and the telomeric KIR2DL5-KIR2DS3 clusters would generate killer-cell immunoglobulinlike receptors (KIR) haplotypes with gene deletions and duplications like those characterized in our study (Figures 2 and 3 ). The two KIR2DL5-KIR2DS3 clusters have nearly identical sequences; therefore, recombinations at different places within them would give rise to the same result. Genes derived from each original chromosome are marked with white or grey boxes; duplicated genes are boxed with thicker lines and the central framework genes KIR3DP1 and KIR2DL4 are represented in bold type.
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